The binding curves of histones HI and H5 to chroroatin in nuclei have been determined by a novel method which utilises the differential properties of free and bound histones on cross-linking with formaldehyde. The dissociation is thermodynamically reversible as a function of [NaCl]. The binding curves are independent of temperature over the range 4°-37°C and independent of pH over the range 5.0 to 9.0. The curves are sigmoid, indicating co-operative dissociation with NaCl. The standard free energy of dissociation in 1 M NaCl for HI is 0.5 Kcals/mole and for H5 is 3.5 Kcals/mole.
INTRODUCTION
The ease with which histones HI and H5 can be dissociated from chromatin with salt suggests that they are bound in a fundamentally different way from the core histones probably largely through electrostatic interactions with DNA. There have been several qualitative studies on the dissociation of HI from chromatin (1, 2, 3) and HI and H5 from nuclei (4) induced by salt. However, quantitative information on the interactions is lacking. In an effort to obtain more precise data on the binding reaction, we have investigated the equilibrium between bound and dissociated HI and H5 in intact erythrocyte nuclei. By using nuclei as the source of chromatin we obviate some of the difficulties which may be encountered in using soluble chromatin prepared either by shearing or by nuclease digestion. chromatin prepared by the latter method is not necessarily the ideal starting material for studies on HI binding since, as pointed out in a previous study (5) , nuclease digestion may irreversibly change the binding sites for HI. Furthermore, both shearing and nuclease digestion almost certainly alter the higher order folding characteristic of intact chromatin. For example, both nuclease digestion and mecha-nical shearing degrade the DNA to produce linear fragments, so that any properties dependent on supercoiling of closed loops of the DNA may be irreversibly changed. Since HI has been implicated in higher order folding it is just these properties which may be of interest (6) .
In order to analyse bound and dissociated histone in intact nuclei and the viscous unsheared chromatin gels produced at higher salt concentrations we have made use of a previous observation which showed that bound HI is cross-linked to chromatin by formaldehyde to form high polymers which did not enter a polyacrylamide gel on subsequent electrophoresis whereas dissociated HI, which does not crosslink to itself or other histories, remains free in solution. This migrates into the gel on electrophoresis and may be quantitatively estimated (7) . In the following we present dissociation curves ob- In order to construct the dissociation curves of HI or H5 from chromatin without previous HCHO fixation, aliquots were adjusted to various salt concentrations as before, and after one hour the chromatin was removed from the dissociated HI and H5 by centrifugation at 5O K for five hours in a Beckmann 50 rotor containing 2 ml inserts.
The top 1/3-1/2 of the supernatant was gently removed and diluted with an equal volume of 0.2% SDS, 8 M urea for electrophoresis as described below.
To an aliquot of nuclei 5 M-NaCl was added to give a final concentration in the range 0 to 0.7 M. HCHO (10%, in sodium borate, 2O mM, pH 8.5) was added to a final concentration of 1%. Nuclei and chromatin were cross-linked for various times and temperatures. The effect of pH was studied by resuspending the nuclei in 10 mM sodium acetate, pH 5, or 10 mM sodium borate, pH 9.0. Reversibility was examined by resuspending nuclei or chromatin in 0.7 M NaCl, and then dialysing against the appropriate sodium chloride solutions for at least 4h.
After fixation with HCHO the reaction was terminated by adding an equal volume of 0.2% SDS, 8 M urea. Aliquots were then electrophoresed on SDS polyacrylamide slab gels. After staining with Coomassie blue they were scanned in a Joyce-Loebl double-beam Microdensitometer and the amounts of histone HI and H5 determined from the areas under the absorption bands, after correction for sampling errors using the internal marker of bovine serum albumin.
Micrococcal nuclease digestions were carried out and the DNA band sizes determined as described previously (10) .
RESULTS
Dissociation curves of HI from soluble chromatin were constructed by measuring the areas under the electrophoresis bands as a function of NaCl (Fig. 1) . One hundred per cent dissociation corresponds to the total amount of HI (both Hla and Hlb considered together) present in the original chromatin sample. The error estimated for any one point on the dissociation curve is about +_ 10%. The gel electrophoresis pattern of proteins extracted from nuclei equilibrated with increasing concentrations of NaCl followed by cross-linking with HCHO is shown in Fig. 2 . At low salt both HI and H5 axe cross-linked to form high polymers, either with DNA or with each other, which are too large to enter the gel. With increasing salt progressively more HI and H5 are dissociated from the nuclear chromatin. These unbound histones do not cross-link, as observed previously for Hi (7), and therefore migrate into the gel. After about one hour at 4 C in low salt nearly all HI and H5 are cross-linked to high polymers whereas only a small proportion of the core histones are cross-linked after this time to give a dimer which migrates just ahead of H5. Cross-linking of core histones is complete after about 16 hour s.
In the experiment shown in Fig. 1 complete fixation of HI and HS did not occur and a low background level of these proteins could be detected at low salt. However, provided this background was allowed for the dissociation curve obtained at highter salt was identical to that obtained when cross-linking was continued for longer times and all HI and H5 was cross-linked at low salt.
Microscopic examination of the nuclei shows that they remain intact at [NaCl] less than about 0.4 M. At concentrations greater than this they lyse producing a viscous gel of chromatin. A quantitative estimation of the amount of histone entering the gel at high salt (0.7 M NaCl) shows that at least 9O% of the HI or H5 in the uncross-linked control can be accounted for on the gel. The amount of free HI or H5 present in the nuclei or nuclear lysates as a function of [NaCl] is shown in Fig. 3 and represents the dissociation curves for these histones. The dissociation curves were independent of the time over the range 1-15 hrs. the nuclei were reacted with HCHO at a given salt concentration and also of the time (1-3 hrs.) between adding salt and HCHO which showed that kinetically the dissociation reaction was essentially complete and that the amount of histone dis-100- The effect of concentration was investigated by constructing dissociation curves with different concentrations of nuclei. The nuclear concentrations were measured in terms of the DNA contained therein and varied from 0.1 mg/ml to 2.0 mg/ml. In the case of HI, dissociation curves at six different concentrations in this range were identical. Thus, no effect of concentration on the dissociation could be detected. In contrast to HI, H5 dissociation exhibited a concentration-dependent variation, increasing in relative amount with decreasing concentration (Table 1) . and that the sites for HI and H5 are equivalent and non-overlapping, the fraction of free sites (a) and bound sites (1-a) may be estimated at any given salt concentration from the binding curves.
Let the equilibrium between bound and free HI (or H5) be represented by:-
where DNH is the concentration of undissociated chromatin, DNH is the concentration of dissociated chromatin, H is the concentration of dissociated HI or H5, n is the number of molecules of NaCl which bind From equation (2),
= log(a/l-a) + mlog(ac )-nlog [NaCl].
In the case of H5, the effect of DNH concentration on the dissociation at constant [NaCl] shows that the reaction obeys the law of mass action with m = 1 ( Table 1) The variation of log(a C Q /l-a) with log(NaCl) where (NaCl) is expressed in activity is shown in Fig. 6 and is linear over the whole 
DISCUSSION
It is clear from the data presented in Fig. 1 that HCHO fixation does not disturb the equilibrium set up between free and bound forms of HI and chromatin. This is a surprising observation in view of the fact that HCHO reacts primarily with£-amino groups on lysine side chains (3O) before subsequently forming covalent crosslinks to tyrosine or histidine residues. Since lysine side chains on HI are directly involved in the electrostatic interactions with DNA, any reaction with HCHO might be expected to disturb the equilibrium between the free and bound forms of HI. That this does not occur might be due to several factors. Thus, the rate at which HCHO reacts with HI to cross-link it to chromatin is relatively fast (half-time = 15 mins.) compared to the rate of dissociation and reassociation. These must be fairly slow (half-time ~ 3 hrs.) since the products of the equilibrium can be separated completely by gel exclusion chromatography (13) . These arguments cannot completely explain the effect but, together with the possibility that the lysines on free and bound HI might be modified at the same rate, can go some way towards rationalising the experimental observations. Whatever the complete explanation turns out to be, the results shown in Fig. 1 provide a method for investigating the equilibrium in intact nuclei.
The interaction of HI and H5 with chromatin in nuclei or gently lysed nuclei is thermodynamically reversible as shown by the binding curves. Furthermore, the nucleosome repeat length is unaltered by the dissociation and reassociation of HI and the dissociation and reassociation of at least 9O% of H5. Taken together, these observations imply that both lysine-rich histones dissociate and reassociate to the sites they occupy on the nucleosome in native chromatin.
That these sites are equivalent and non-interacting, in the case of H5, is supported by the linearity of the relationship between log(ac / 1-a) and log(NaCl) and the value of m = 1. That this is also probably true for HI is suggested by the linearity of the corresponding logarithmic plot but it must be remembered that this has been obtained by This implies that the free energy of dissociation is purely entropic in origin which is consistant with the interaction being predominantly electrostatic, the large entropy changes arising from changes in the water structure associated with ionic bonding (16, 17) . The small nonelectrostatic contribution to H5 binding must also be entropic in origin and may arise from a conformational change associated with binding.
The net number of sodium chloride molecules bound when one molecule of HI or H5 dissociates is 9 and 17, respectively. Theoretical considerations (17) show that these values of n are equal to Ajf q whereyis equal to 0.88 and q is the number of salt linkages involved in the interaction. Thus q = 10 and 19 for HI and H5, respectively. Apart from HI, the other histones interact very strongly in the chromatin complex with free energies of 19 Kcals/mole or greater (Table 2) .
Under similar conditions of ionic strength bacterial RNA polymerase binds to promoters on DNA with association constants of 10 to 10   TABLE 2 Thermodynamic parameters for the dissociation of histones from chromatin. Data from this study and ref. (10) . If, therefore, the histones need to be displaced from DNA during the process of transcription it is unlikely, except in the case of HI, that this displacement can be brought about by RNA polymerase alone.
Under similar ionic strength conditions the free-energy for non-specific binding of RNA polymerase is about 5 Kcals/mole (25) .
Clearly, non-specific binding of polymerase to chromatin should not displace any histone.
